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Statement of Problem

The purpose of this multiyear project has been to improve our understanding of optical
coatings used in high average power (CW and long-pulse) laser systems. While pulsed-laser
damage has been studied extensively, only recently have models of laser-matter interaction
been able to explain the damage behavior, in particular for picosecond (ps) and shorter pulse
durations. Laser-material interactions involving high power CW and nanosecond (ns) and longer
pulse laser sources, where thermal effects are more important, had been little studied.

This project was focused on optical coatings prepared by ion-beam sputtering (IBS), but the
findings on laser-matter interactions leading to damage and optical performance deterioration
are generally applicable. IBS produces coatings which are nearly amorphous, close to bulk
density, and environmentally robust. These are ideal qualities for optical coatings.

The components of this project have been broken down in three topics: (1) Novel Functional
Materials and Optical Stack Design; (2) Modeling; and (3) Testing and Diagnostics Development.
The significant achievements were published. They are:

Novel Functional Materials and Optical Stack Design:
1. Study of defects in ion-beam sputtered Sc;0s films [1,2,3].
2. Optimization of ion-beam sputtered Y,0s film deposition conditions [4].
3. Advanced mirror designs by manipulation of the top layers [5,6,7].
4. Demonstration of nonlinear optics (third harmonic generation) [8].
Modeling:
1. Thermal modeling and measurement of thermal conductivity of IBS coatings.
2. Generic incubation model [9].
3. Modeling of intrinsic damage mechanism by long pulses [1].
Testing and Diagnostics Development:
1. Development of microscopes for absorption and scatter characterization [10].
2. Measurement of laser-induced absorption in Ta;0s and TiO; [11].
3. Development of wavefront measurement for detecting bending of thick substrates by
coatings [12].
4. Development of third harmonic microscope for identifying defects in amorphous
coatings [13].
5. Testing of high-reflector coatings at Air Force Research Laboratory at Kirtland AFB.
6. Development of novel single-pulse damage testing protocol (STEREO-LID) for
characterization of defects in optical coatings and surfaces [14,15,16,17].

Details of the accomplishments are provided in the references and/or previous (annual)
reports. In this final report the following major accomplishments are highlighted:

1. Study of defects in ion-beam sputtered Sc;0s films.
2. Increased laser damage resistance of multilayer mirrors by modification of the top layer
design.



3. The development of a single-pulse damage testing protocol (STEREO-LID) and its
characterization of defect densities in high index coatings and the initial kinetics of laser-
induced damage.

4. Third harmonic generation in optical coatings: characterization of defects and frequency
conversion in thin films and stacks.

Research Highlights

1. Study of point defects in ion-beam sputtered Sc,0s films

The goal of this work was to study the effect of key deposition parameters on the optical and
structural/mechanical properties of oxide coatings. The material selected was Sc,03 because it
is a promising material for pulsed-laser applications and has been little studied in comparison to
other materials. However, the results should be applicable to most of the metal oxides. The
deposition technique used was ion-beam sputtering (IBS) where material from a metal (Sc)
target is sputtered by an argon ion beam and reacts on the substrate surface with oxygen (02)
introduced as a background gas. The deposition parameters studied were the accelerating
voltage of the argon beam and the flow rate (relates to pressure) of the oxygen supply. The
resulting films were studied by absorption measurements, x-ray photoelectron spectroscopy
(XPS, provides chemical information), electron-spin resonance (ESR, sensitive to some point
defects), x-ray diffraction (XRD), and stress measurements.

Figure 1 shows the results for absorption measurements at A=1.064 um. The absorption
increases with increasing oxygen partial pressure and with increasing beam voltage.
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Figure 1: Absorption coefficient (at A=1.064 um) vs. (a) oxygen partial pressure and (b) beam voltage.
The assist beam in (a) refers to a second ion beam that improves mobility on the growth film surface.

Figures 2a and 2b show the result of XPS and EPR measurements. The XPS result indicates the
presence of oxygen in a different chemical environment then the bulk of the oxygen in the film.



The EPR data show the presence of Oy ions within the film. These findings are consistent with
the presence of interstitial oxygen in the film.
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Figure 2: (a) A typical XPS O 1s peak from Sc;0s. The side peak at lower binding energy, labeled o,
indicates the presence of oxygen with a difference chemical environment than the bulk of the material.
(b) The density of O; complexes (from EPR measurements) within the film as a function of the oxygen
partial pressure.

Figures 3a and 3b show the stress and shift of the (222) diffraction peak as a function of oxygen
partial pressure, respectively. These indicate that the film is under increasing internal stress
with increasing oxygen flow during deposition.
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Figure 3: (a) The stress vs. oxygen partial pressure during IBS of a Sc;0s film . (b) Position and width
(FWHM) of the (222) diffraction peak vs. oxygen partial pressure.

The result of all these measurements is that increasing the oxygen pressure (flow) during
deposition leads to an excess of oxygen within the films that is incorporated as oxygen
interstitial defects. These defects lead to internal stress within the films and create electronic

3



states that can provide additional absorption channels. These states have been predicted in the
literature through theoretical calculations [18]. Similar results were shown for the effect of the
beam voltage. The conclusion from these studies is that there should be just enough oxygen to
produce a fully stoichiometric film and that any excess will degrade the film properties. These
results should be true in general for any metal oxide, not just SC20s.

2. Increased laser damage resistance of multilayer mirrors by modification of the top layer
design

Ta20s is a prime candidate for a high index material in interference coatings given its low
intrinsic stress superior layer smoothness and uniformity and low absorption and scattering
losses. Its laser damage resistance for nanosecond pulse durations is, however, lower than
similar multilayers that incorporate HfO; or Y205 as the high index material.

We have already demonstrated a 50 % increase in the laser damage threshold of a Ta;0s/SiO;
high reflection multilayer through replacement of Ta;0s with HfO; in the top three bilayers
when tested using 350 ps pulses at A = 1 um [5]. We have shown that by modifying the design
of the top few layers it is possible to increase the damage resistance of Ta;0s/SiO; high
reflectors by almost 100% as shown in Fig. 4 [6,7].
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Figure 4: 50% probability laser damage fluence determined from 100-on-1 tests on Ta;05/Si0O;
quarter wave stacks.



3. STEREO-LID: Spatially-TEmporally REsolved Laser-Induced Damage

3.1. Description of the technique

The traditional method for measuring the laser-induced damage threshold of optical materials
only records whether or not damage occurs during a single test and relies on statistics of
repeated tests to extrapolate a damage threshold. A single-shot measurement, which records
the actual threshold in a single test, is more efficient and can be used in conjunction with non-
destructive tests to identify the critical defects responsible for laser-induced damage in optical
materials. A new technique dubbed STEREO-LID for Spatially-TEmporally REsolved Laser-
Induced Damage was developed for this reason [14]. It is so named because the technique
identifies the time and location of damage initiation within a pulse shape and beam profile in
order to retrieve the local intensity and accumulated fluence at the onset of damage.

Given the damage initiation time, t;, and the damage initiation position, (x4, y4), the threshold
fluence of the defect responsible can be calculated using

_(xd
Fen = fotd I(t)e (
where [, (t) is the peak intensity as a function of time, as provided by a reference photodiode,
and w, and w,, are the characterize the size of the beam. The threshold intensity can be
calculated in a similar manner.

ydz
2Wx2+2Wy2 (1)

The layout of the experimental setup is shown in Fig. 5. Damage is initiated by the dielectric
breakdown and plasma formation around a defect. The time of damage initiation is determined
by either a change in scatter or transmission that results from dielectric breakdown. The
location of damage is identified by imaging light scattering off a localized ablation jet using an in
situ microscope (CCD1). These two bits of information (time and space) along with a calibrated
reference diode allow for the measurement of the LIDT with a single test.
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Figure 5: (a) Experimental layout of single-shot damage test station. (b) Photograph of its
implementation.

3.2. Characterization of defect densities in high index films

An important role of damage testing is to characterize defect densities in optical materials. This
provides feedback to adjust deposition conditions for coatings. The defect ensemble of an optic
can be described by a defect distribution function where p(F)dF is the density of defects with
a threshold fluence in the range from F to F + dF. While the traditional damage test (TDT) is
often used to measure a defect density, the best that it can provide is often a crude picture of
an average defect density, py, that will fail at a single fluence F;;. Because STEREO-LID probes
individual defects, it can provide a more complete picture of defect densities.

Repeated measurements using the STEREO-LID method produces the probability of exciting a
defect P(F). (It actually produces a discrete set of probability P; = P(F;) where F; is a set of
fluence bins into which the measured damage fluences are counted.) Through counting
statistics [15], these probabilities can be used to retrieve the defect density distribution
through the following equation:

P, = ZM—i—1 pi i+n (Fji SPj % F; \SPTi+n + F; \SPTi+n )
| n=0 i j=1 F _F- _F- i
PTi+n i i+n i+n+1

Where M is the number of fluence bins, p; is the density of defects with damage fluence F;, pr
is the total density of defects, and s is the area of the test beam.



To demonstrate the power of STEREO-LID in characterizing films, two studies of high index
coatings were performed. In the first study, some common materials were tested (HfO2, Sc,0s3,
and Taz0s) [16]. In the second study, HfO> films prepared by three different methods (ion-beam
sputtering, electron-beam evaporation, and atomic layer deposition) were compared [17].
These were all tested with 10 ns pulses at 1064 nm.

Figure 6 shows the defect distributions for films of HfO3, Sc;03, and Ta,0s. In the case of HfO,,
films prepared by ion-beam sputtering (IBS) and electron-beam (EB) evaporation were tested.
In all cases, there is a region indicated as ‘dark’. This indicates that the defect density could not
be estimated because no damage events occurred in this range of fluences. STEREO-LID is able
to provide a rich picture of the defects in these films. Ta;0s has a very high density of defects at
low fluences which is why it is a poor material for high-intensity pulsed laser applications. HfO;,

which is the most common material for pulse laser optical coatings, has a much lower defect
density. STEREO-LID is able to show that the IBS film has a slightly lower defect density at low
fluences, probably due to the more energetic deposition process. Finally, STEREO-LID shows
that Sc,03 has the lowest defect density of all at low fluences and that a significant spike in
defects is observed near 1.2 J/cm?. This high fluence feature may indicate the onset of intrinsic
damage. This feature is not observed in the other films, because the density of defects is so
high that no events were observed at high fluences.
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Figure 6: Defect density distribution functions retrieved from STEREO-LID characterization of
four films: (a) IBS-HfO,, (b) electron-beam HfO,, (c) IBS-Sc,03, and (d) IBS Taz0s.



Figure 7 shows the result of the second tests performed on a set of 30 nm HfO; coatings
prepared by IBS, EB, and atomic layer deposition (ALD). In addition data for a blank substrate is
included to show that the defects in the substrate are not significant. The main result is that the
difference between the IBS and EB films are even more dramatic for these very thin films. The
quality of IBS films is known to degrade as the films get thicker. This clearly shows that the
initial IBS films has defect densities on the order of the substrate at low fluences. The other
observation is that the ALD film had very high defect densities, even higher than the EB film.
This was surprising as ALD films are used in microelectronics because of their low defect
densities. However, this was attributed to contamination in the ALD system. High speed ALD
[19] is promising for multilayers because the inherent atomic-scale thickness control.
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Figure 7: The retrieved defect density distributions p(F) for 30 nm HfO; films prepared by (a)
electron beam evaporation, (b) ion-beam sputtering, and (c) atomic layer deposition (ALD). The
defect density of a bare substrate (d) was also taken to show that the defects resulted primarily
from the overcoated films.

3.3. Initial kinetics of damage growth following defect-initiated damage

As part of the STEREO-LID measurement, damage initiation is monitored through changes in
transmission of an optical part. It has been found that transmission of a beam focused to 20



microns can be blocked in as little as 1 nanosecond. The implication is that the damage in the
optic grows from some nanometer scale defect to many microns in size. Thus, the expansion
spees of the absorption front exceeds the speed of sound. The processes that determine this
growth are important as they determine the extent of damage (e.g. size of resultant crater)
which is important in limiting damage in operational systems.

Figure 8 illustrates the process by which damage occurs [20]. Damage is initiated by absorption
at a localized coating defect. This defect heats to the point where the overheated, high-
pressure plasma is ejected in the form of a jet. This event triggers the growth of an expanding
opaque region that blocks the beam and cuts off the transmission. The opaque region is caused
by ionization of the optical coating and the formation of a plasma. The expansion of this
absorption region is driven by the absorption itself. The rate of expansion is a function of the
local laser intensity at the edge of the absorbing region, i.e. v(F). The process has similarities to
the expansion of an explosion front. The source of energy here is a chemical reaction, in our
case the absorption of laser radiation.

Ejection jet

Opaque region

Absorption front

Initiation

Figure 8: Model of laser-induced damage growth. An opaque absorption region grows out from
the initiation point following ablation of the defect at a velocity that is proportional to the local
intensity.

Figure 9 shows simulated transmission on real data using this phenomenological model. To fit
the data, the model predicts that the local velocity is proportional to the square root of the
local intensity,

v o [1/2 (3)
The model can fit data for small beams (Fig. 9a) and large beam (Fig. 9b), where the size of the
crater is limited by the growth of this expanding opaque region. In the case of a large beam, the
predicted size of the opaque region underestimates the size the resultant crater by as much as
50%. We conclude that the size of the crater is determined by additional processes that follow
the laser pulse.
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Figure 9: Example transmission data with fit using model with expansion using eqn. (3). (a) 22
um beam and (b) 130 um beam.

The dependence of expansion rate velocity on the square root of the intensity can be explained
by a detonation wave [21]. The compression and heating from the front end of the wave
initiates the generation of a plasma and the absorption of the back end of the wave propels the
wave forward.

In summary, with STEREO-LID a technique is available for the first time that can measure the
laser-induced damage threshold fluence (intensity) of an optical coating or surface in a single
test. There are proposals under review to include this method in the new ISO standards for
material inspection for high-power laser radiation. STEREO-LID has the following advantages
over the existing ISO standards:

1. STEREO-LID can reproduce all the results of the ISO damage protocol with fewer overall
tests.

2. Because it measures the actual damage fluence (intensity) it provides more information
about the damage process than the ISO method based on recording of damage events
and statistics.

3. Finally, STEREO-LID data can be used to retrieve the defect distribution without a priori
assumptions about its functional form

4. Third harmonic generation in optical coatings

2.1 Third harmonic imaging of anisotropy
The third harmonic (TH) microscope is a scanning microscope in the sample is illuminated with

a train of laser pulses and the image is generated by detecting the third harmonic light
generated within the focus of the microscope. Figure 10 shows the experimental setup of our
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TH microscope and illumination laser. The laser delivers 60-fs pulses at 100 MHz and 800 nm at
an average power of up to 1 W. The third harmonic generated at 266 nm.
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Figure 10: Schematic diagram of the third-harmonic microscope and illumination laser. The beam is
focused onto the sample and raster-scanned. The generated third-harmonic power is the image signal,
which is displayed on a computer. The computer also controls the x,y galvano scanners.

Using a quarter-wave plate, the microscope illumination was operated in two modes: linear and
circular polarization. For isotropic materials, third harmonic in circular polarization (THCP) goes
to zero due to symmetry. Therefore, any signal observed is an indicator of anisotropy resulting
from intrinsic or induced defects. The following are highlights exploring the use of THCP to
study anisotropic defects (both laser-induced and intrinsic) in various oxide films. The highlights
are:
1. Demonstration of high-dynamic contrast using laser-induced damage crater.
2. Sensitivity to near damage threshold laser-induced material modifications that were not
visible with other microscopies.
3. Demonstration of signal generated within the strain field around nano-indented
material.
4. Observation of structures in as-grown films at the detection limit and their correlation
with macro-strain.

High-dynamic contrast of third harmonic microscopy

A huge dynamic contrast is demonstrated in third harmonic microscopy for laser-induced
damage. This feature results from the low background of the third harmonic signal for an
amorphous film. Figure 11 shows the third harmonic image of a laser-induced damage crater in
a dielectric film for different values of the detector gain.

11



(a) (b) (c) (d)
Figure 11: (a)-(d) THCP images of a laser-induced damage crater with increasing gain on the PMT
detector to capture signals across the total dynamic range. From left to right the gain increases by a
total factor of ~ 200.

The dynamic contrast is the ratio of the strongest signal to the strength of background
signal. From this series of images, we extract a value of 10°:1. A comparison to other linear
optical techniques using the same damage crater is shown in Table 1. In a distant second is
Dark Field microscopy, another technique with a low background signal.

Table 1: Comparison of dynamic contrast for damage crater in Fig. 9.

I i Polarizati
mag!ng Bright Field Nomarski olarization Dark Field THCP
Technique Contrast
Dynamic 5:1 6:1 7:1 756:1 105:1
range

Sensitivity to Laser-Induced Modifications

The low background of THCP images also makes it very sensitive to minor laser-induced
modifications. The standard technique for identifying laser-induced damage is Nomarski
microscopy. Figure 12 shows images of a laser-induced change in a HfO; film created by a train
of subps laser pulses near the damage threshold. A subtle change is observed in Nomarski just
above the noise level and only pops out in the line scan (Fig. 12c). The same spot in THCP shows
a spot with a signal-to-noise ratio of nearly 200. Thus THCP has the potential to identify
weaknesses in optics in situ before failure.

12
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Figure 12: Comparison of (a) Nomarski and (b) THCP images of a laser-induced modification in a
dielectric film. (c) and (d) are line scans to illustrate the difference in signal-to-noise ratio.

Stress field around nano-indentation

Figure 13 demonstrates the sensitivity of THCP to local stresses. A nanoindentation was
prepared into the surface of fused silica by loading a pyramidal indenter past the plastic limit.
The three images are THCP, THLP, and a darkfield image. The THCP image exhibits three lobes

around the indentation that we attribute to plastically deformed material. Such lobes have
been demonstrated by Raman microscopy [4].
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(b)

Figure 13: (a) THCP, (b) THLP, and (c) dark field images of the same 100 mN nanoindentation. The
overlaid triangle indicates the relative outline of the THLP image.

Third Harmonic contrast from as-grown films.

Figure 14 shows THCP images of two as-grown Sc;0s films taken at the detection limit of the
system. What appears to be noise is reproducible diffraction limited features of the film. Real
noise in this system appears as individual pixels (subdiffraction) that change from image to
image.

(a) (b)
Figure 14: THCP images of two Sc.0s films (both 206 nm) taken at the detection limit. Average of 10
images with the background removed.

We characterized these features by their RMS about their average for three films and
compared other measurements of these films such as surface roughness, x-ray diffraction
intensity, and absorption. The strongest correlation was to the measured macro-stress in the
films. These features may correspond to fluctuations in the local strain which can break the
isotropic symmetry in the film.
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4.2. Third harmonic generation in stacks of films

As part of the characterization of the third harmonic microscope, a model for predicting third
harmonic generation in single layers and stacks was developed [22] and first tests of a proto-
type sample performed. While this was not part of the original project plan the first succesul
steps in this direction were well worth it since it opened a whole new area for coating
development — nonlinear optics with interference coatings

As input for this model, the nonlinear optical constants of many optical coatings were
measured [23]. These were found to scale with the bandgap, Ej, of the material according to

2® oc (Eg? - Es? - iy E3), (4)
where yis a damping parameter and E3 = 3hvis the photon energy of the third harmonic. The
data and this scaling are shown in Fig. 15.
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Figure 15: Measured | #*|? for THG of various metal oxide films (ion-beam sputtered)
normalized to fused silica (FS). The solid line is a fit to Eq. (4) [23]. Varying x for the binary oxide
Hf,Si1xO2 allowed us to change the bandgap energy [23]. Test wavelength: 800 nm.

The model for third harmonic generation in a stack of layers was then used to design a mirror
optimized to generate third harmonic in reflection. Such a mirror could be used to replace
expensive crystals in many applications. A demonstration of the proof-of-concept mirror in
shown in Fig. 16.
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Figure 16: Recent proof-of-concept demonstration of third-harmonic generation using a
frequency tripling mirror (FTM) in our lab [8]. (a) Photo of the FTM demonstration showing
fluorescence from a white card excited by the 3w (UV) beam (laser source: 800 nm, 55 fs, 100
MHz repetition rate train or bursts of pulses). (b) Schematic diagram of the experimental setup
and photo of the FTM. Single-pulse conversion efficiencies approaching one percent have been
observed.

Summary
The highlights for the reporting period (11/1/10-9/31/16) include the following:

1. Study of the point defects in optimized Sc,03 optical coatings.

2. Demonstration of improved laser damage resistance in functional mirrors by
modifications to the top layer design.

3. Development of a new damage testing method (STEREO-LID) that is able to measure the
laser-induced damage threshold of defects in optical coatings and surfaces.

4. Study of third harmonic generation in optical coatings for the characterization of defects
and a mirror optimized for third harmonic generation as a first demonstration of
nonlinear optics in optical coatings.
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